In 1955, Dr. Detlev W. Bronk, President of the National Academy of Sciences, appointed a group of scientists to conduct an extended appraisal of the effects of high-energy radiations on living organisms. Since the beginning, the studies have been supported from funds provided by the Rockefeller Foundation.
FOREWORD
Although man has always been exposed to some radiation from naturallyoccurring radionuclides in his environment, and although the food he consumes has always carried some small burden of radioactivity, the coming of the "Atomic Age" has already brought with it a rise in the level of radiation to which man is exposed and the appearance of some new sources of radiation that did not in the past constitute a part of the natural background. The latter has been tacitly accepted as being of no great concern, even though the level of exposure may vary widely from place to place. The testing of nuclear weapons has resulted in the appearance in man's environment the world over of radionuclides not formerly present.
Man's exposure to radiation is in part external-from the materials aroimd him -but it is also in part internal, by reason of the ingestion of food and water having some radioactive components and the inhalation of radioactive particulates or gases in the atmosphere. The effects, if any, on the well-being of the individual "depend upon the radiation dose ( The half-lives of 13 parent nuclides and 8 daughters are listed in Table 2 . (3, 83, 92) . Particles from tower bursts in the same energy range reflect the incorporation of tower materials (83) . Megaton bursts over coral islands have produced primarily calcareous particles (92) . It has been reported that the dust from the Castle Bravo burst of 1954 was mainly calcite. Presumably, aragonite was evaporated, re crystallized as calcite, and precipitated as aggregates (44, 126) .
This wide range in gross chemical composition, considered along with the observed range of particle sizes, leads to the conclusion that the biological availability of the constituent radioactive isotopes cannot be predicted for a particular material without some knowledge of its characteristics. The solubility in distilled water of selected particles from a continental detonation ranged from 0. 28 to 1.2 per cent of the total radioactivity. One to 74 per cent was dissolved in 0. 1 N HCl (83, 51) . In another study (8) In addition to the variability in the composition and solubility of fallout, the soil and plant aspects of the food chain contaxnination are complicated by variations in soil properties and differences in the structure and physiology of plant species. This will be the subject of discussion in the following sections.
III.
RELATIVE AVAILABILITY OF FALLOUT CONSTITUENTS
Single crops of plants may absorb about two per cent of the total radioactivity in a soil contaminated by a nuclear explosion, but usually they absorb less than 0. 1 per cent (85, 120) . Strontium-89 and strontium-90 are the major nuclides absorbed (52) and may account for as much as 70 per cent of the absorbed activity from oneyear-old, mixed-fission products (99) . It (117, 120) .
Using soluble forms of isotopes in nutrient solutions (94) Strontium has a slightly higher adsorption energy than calcium (38, 48, 59 Leaching soil columns with mixed-fission product solutions resulted in 80-to 85-per cent adsorption of the total radioactivity in the first few centimeters of the soil (47). This accumulation in the top few centimeters agrees with analyses of soils from test sites (108, 117, 120) . Much work has been done on the adsorption of fission products from solution in relation to the disposal of waste products. In such experiments, the concentrations of radioisotopes and salts are usually in excess of those expected in agricultural soils, but some of the results at lower concentrations may be applicable.
B. Desorption
Rare earth isotopes contribute one half to three fourths of the activity in some soils contaminated by fallout (117, 120) . In one soil, 50 volumes of water, corresponding to 320 inches of rain, were required to leach 10 per cent of the beta activity from one soil volume. The rate of leaching was nearly constant after the first 20 volumes. About four per cent of the radioactivity in fallout from Operation Hurricane was leached through 20 cm of soil in a 12-week field experiment (108) . The leached radioactivity was mainly ruthenium-106 and rhodium-106. The activity of an equilibrium mixture of the soil, 405 days after the blast, was due mainly to ruthenium-106, rhodium-106, cerium-144, and praseodymium-144.
•^Unpublished results. Soil The desorption of cesium is less than that of strontium, possibly because of fixation by micaceous minerals (113) . The rate and depth of leaching increases with increments in salt concentration, acidity, and complexing agents, and with a decrease in base saturation and buffer capacity of the soil. Lime and organic matter also reduce the desorption of strontium and cesium (47).
C. Effects of Other Ions
The complementary ion exerts a strong effect on the adsorption of a cation.
All cations tend to reduce strontium and cesiunn adsorption if used in large amounts.
The order of replacement on soil materials is usually lithium< sodium<potassium < ammonium < rubidium < cesium < hydrogen < magnesium < calcium < strontium < barium < iron <aluminum< lanthanum ( 
D. pH Effects
In most studies of pH effects, the pH of the leaching solution has been varied. In agriculture, the pH of the soil rather than the contaminating solution is variable.
The results of some studies (61, pp. 170-190; 91; 100; 101) indicate that the maximum adsorption of strontium occurs between pH 7 and 9, cesium at 6 and higher, yttrium and cerium above 6, and plutonium from 2. 5 to 9. 0. Since highly acid and alkaline conditions result in the decomposition of the soil minerals, it is expected that under such conditions there would be less fission-product adsorption as a result of competition by the products of decomposition, particularly aluminum.
E. Clays
Clays differ in their exchange capacity per unit weight and in the energy with which adsorbed ions are held. Exchange capacities in terms of milliequivalents of strontium per g of some representative clays (38) (63) .
F. O rganic Matter
Additions of decomposable organic matter can reduce the uptake of strontium (40, 80, 81) . A major factor is probably the increased microbial population, although adsorption to the organic matter itself is also important (56, 93, 108, 117 Proposed mechanisms for fixation include precipitation as slightly soluble materials, physical trapping between clay platelets and in other insoluble precipitates, and diffusion into existing crystals (89, 97, 113, 114) .
Nonexchangeable amounts of strontium (82, 98, 103, 114) and cesium (82, 83, 113, 129) have been found in some soils. In other soils, no fixed strontium was found (43, 47) . The magnitude of strontium fixation ranged as high as 20 per cent of fallout strontium-90 in North Carolina soil samples taken in 1958 (103) . Laboratory studies showed that increasing the temperature from room temperature to 60°C tripled the amount fixed in these soils. Increasing the equilibration time from one to two weeks doubled the amount fixed at room temperature but had no effect at 60°C (98) .
In other laboratory studies with these soils, fixed strontium appeared to be extractable at 80°to 90°C.^H . Erosion
Because most fission products are strongly adsorbed to clays, it is expected that any redistribution of surface soil will cause a similar redistribution of fallout.
The strontium-90 concentration in runoff from field plots was 10-30 times the concentration in the soil and was almost entirely associated with the sediment (69) . The strontium-90 concentration on cultivated watersheds, where the amount of soil erosion was known, was one third to two thirds of the concentration on watersheds where there had been no erosion (25 (20) . Evidence has been obtained that calcium, strontium, and barium compete for an identical carrier, whereas potassium, rubidium, and cesium compete for a different carrier (20, 21, 28 ). Hydrogen appears to compete with all ions (27).
In addition to the accumulation of ions within the root, there is adsorption of ions on the root. The CEC of roots can be increased by nitrogen fertilization (121) . A linear correlation was observed between the CEC of different species and the uptake of strontium-90 (75) . The exchange adsorption does not appear to be controlled directly by metabolism (19, 45) and has been considered by some investigators (50) to be independent of active transport.
The point of maximum uptake of strontium and iodine appears to be within a few mm of the root apex (45) , and no enhanced uptake is observed with root hairs.
Other work (140) indicates that the tips of barley roots absorb various ions readily but that the greatest translocation occurs from a region 30 mm above the tip.
It has been suggested that strontium can partially substitute for calcium (133, 137) and even that strontium is an essential element (141) . Sixty to 70 per cent of the strontium in the plant has been found to be water-soluble, whereas 97 per cent of the cesium and only 16 per cent of the cerium-144 was water-soluble (83).
A possible error in short-term experiments is the exchange of the radioactive isotope for the stable isotope already in the plant. This is particularly true for ions of slow turnover rate, such as calcium. Some workers (73, 133) consider the first 24 hours of calcium uptake to be largely nonmetabolic exchange.
B. Translocation
Most investigators believe that translocation of ions is governed less by metabolism than by the uptake process (5) . The translocation of rubidium from the root to the top has been related to the transpiration stream (29). However, no such relationship was found for calcium (7) .
The upward translocation of strontium and calcium relative to that of phosphorus, sulfur, iodine, and rubidium is limited. The main path appears to be the central zone of the vascular tissue (58) . The redistribution of strontium, calcium, yttrium, and other multivalent cations is much less than that observed for cesium, rubidium, and potassium (35, 131 This accounted for 55 to 80 per cent of the total plant strontium-90.
Autoradiograms show that strontium enters directly through the intact epidermis of the tomato fruit (58) . About four per cent of the applied strontium and two per cent of applied ruthenium is absorbed by tomatoes (46) . The stage of maturity of the fruit had some effect on the amount absorbed.
The species of plant is important in the absorption of foliar-applied elements (71) , partly because of the degree of waxiness of the leaves and partly because of the death of some leaves before maturity. Wheat plants absorbed 85 The washing effect of rain can reduce the foliar intake of strontium by a factor as large as six (71) . Intake of cesium is reduced to a lesser extent. Contaminated dust is satisfactorily removed from leaves by washing with 0. 1 N HCI, but spray contamination is much more difficult to remove (4 (58) . The greatest concentration of strontium is usually found in the older leaves (85, 94) , with only about one tenth as much in the seeds (78, 94, 120) . However, the seeds of a few plants, e.g.. Euphorbia, accumulate strontium to a greater extent (13).
Cesium and rubidium are similar to potassium, and therefore it is expected that they are distributed more uniformly throughout the plant than strontium. About 10 per cent of the total plant cesium is found in the grain of wheat and oats (47), and other work (67) indicates that there is a slight tendency for both cesium and rubidium to accumulate in the young leaves and flowers.
In four plant species, the highest concentration of iodine was found in the roots, followed by older leaves and, finally, the younger leaves (119 The order of fission-product uptake by the different plant families is Leguminosae> Solanaceae>Compositae>Gramineae for the tops and Leguminosae >Gramineae >Conipositae>Solanaceae for the roots (142) . Other workers report no consistent differences between the lower and higher orders of the plant kingdom (79) . The calcium and strontium content of eight legumes was about three times that found in eight grasses (138) . The absorptive power of a given species for strontium is considered to be proportional to its absorptive power for calcium (17, 66) .
Characteristics of the root system may be very imiportant in determining the uptake of radioisotopes from soil. Russian thistle can absorb strontium from a soil depth greater than 3-1/2 feet (116) . Since the plants of the grass family have relatively shallow root systems, they will preferentially absorb nuclides occurring near the surface rather than those placed at a greater depth. With a grass-clover mixture, it was found that both the strontium content and the strontium-to-calcium ratio were reduced 70 per cent by plowing under the surface contamination (72) . More deeply rooted crops showed only small effects from this deeper placement.
Bicarbonate has differential effects on plant species, with beans taking up lesser amounts of cations than barley in the presence of bicarbonate (32) . Additional interactions of plant species with rate of uptake, distribution, temperature, and other factors are probably of minor importance when considering broad differences. 
RADIATION EFFECTS
The severity of associated heat and blast effects from nuclear test detonations have tended to obscure radiation effects on plants. However, radiation effects may be a significant force in modifying the ecological systems after a nuclear attack.
At present, the effects of ionizing radiation have been observed for only a few hundred of the more than a million and a half different kinds of organisms. Most of these data were obtained under experimental conditions of minimum environmental stress.
A. External Radiation
The median lethal dose for flowering plants ranges from about 1, 000 to 150,000 roentgen units, and the sensitivity of a particular plant may vary widely according to the particular stage in its life cycle (90) . The variation in sensitivity between plants has been correlated with characteristics of the cell nucleus. Plants with low chromosome number and high nuclear volumes are the most sensitive (122) .
Pine trees appear to be relatively more sensitive than other trees. At an unshielded reactor site, pines died after receiving 2,000 or more rads in an initial burst, but pines at greater distances died after accumulating about 8,000 rads; hardwood trees in the area showed little effect (90) . With gamma radiation from cobalt-60, pines showed detectable effects from two roentgens per day for an average of 240 days per year over a period of nine years (122) . Several other observations have been made on irradiated trees (90) . The winter dormancy is prolonged by an amount proportional to the dose received during the preceding summer -one to two weeks' delay for several hundred rads. The terminal buds are more sensitive than the lateral buds and, of the lateral buds, those farthest from the trunk are most sensitive.
Two years after a nuclear explosion at the Marshall Islands, the number of different plant species showing pathological effects and abnormalities increased with an increase in fallout (23). However, differences in edaphic factors such as soil fertility may confound these observations (39).
B. Internal Radiation
The radiation emitted by the absorbed radionuclides may also cause damage.
In greenhouse experiments, at concentrations of 5 mc of strontium-90 or 13 mc of cesium-137 per g of wheat leaves, the protein levels decreased and the carbohydrate levels increased (34) . A 30-to 50-per cent decrease in yield of grain was observed at those concentrations of radioactivity. Resistance to radiation daunage increased with age of the plant.
In young barley plants, phosphorus-32 radiation damage was confined to cells in zones of active division (10 
B. Competing and Carrier Cations
The kinds and amounts of the complementary ions affect the availability of a given ion (48, 87) . Two types of processes can be distinguished: the exchange reactions governing the distribution of ions between clay and solution (37, 48) and the competitive effects during the course of ion absorption by plants (17, 20, 21, 27, 28).
Since several cations compete for the same carrier site, increasing the concentration of one should decrease the uptake of others in the same group. Examination of this hypothesis in greenhouse and field experiments has shown this to be true within certain ranges.
Increasing the calcium concentration in nutrient solution from zero to two milliequivalents per liter reduces the uptake of strontium (43) . Further increases in calcium reduce strontium uptake only slightly. A fourfold reduction of strontium uptake in field experiments appears to be the maximum that can be achieved by the addition of calcium to acid, low-calcium soils. Even smaller reduction occurs in soils richer in calcium.
The addition of stable strontium has little effect on radioactive strontium uptake because of the similarity of strontium to calcium and the thousandfold greater abundance of calcium in soils (68, 127) . In one experiment, no effect of stable strontium was observed (43) and a slight increase in strontium-90 uptaike was found in another experiment (104) . It was postulated that small increments of strontium displaced some of the strontium-90 from the exchange complex into solution. It is estimated that five tons of strontium amendments per acre would be needed to reduce the strontium-90 uptake appreciably (104) .
A depressing effect of potassium on plant uptake of calcium, magnesium, and strontium has been observed (47, 54, 65) . Potassium treatments decreased strontium uptake 20 per cent in wheat plants (47) and 40 per cent in radish plants (54) .
In a field comparison of plant concentrations of different elements with the corresponding soil concentrations (57), it was found that varying levels of calcium and magnesium brought about only slight changes in the strontium content of four pasture species. However, potassium and sodium reduced the strontium content of bluegrass as much as 34 per cent and that of redtop 51 per cent, whereas sodium additions increased strontium in Korean lespedeza.
Similar observations have been made on the uptake of cesium-137. When soil potassium is low, additions of potassium reduce the cesium uptake, but additions of stable cesium often increase cesium-137 uptake, presumably by displacement of exchangeable cesium-137 into solution (84) . Rubidium, ammonium, and calcium increased cesium uptake 8, 3 , and 1-1/2 times, respectively, but when carrier cesium-137 was used, practically no effects of these ions were observed (128) .
C. Distribution Factors
Because of the similarity in chemical behavior between certain fission products and certain essential elements, fission-product uptake is often reported relative to the uptake of the chemically similar essential element. The "Observed Ratio" (OR) (18), or the "Distribution Factor" (DF) (66) , for strontium is the ratio of strontium to calcium in plant or plant part divided by the ratio of strontium to calcium in the nutrient medium. The term "discrimination factor" is expressed in the same manner but usually applies to a single step in the various successive processes that determine the over-all relative distribution of the two elements between substrate and tissue.
In nutrient solution experiments, when only the plant discrimination processes are measured, the strontium/calcium DF is close to 1. (67, 105) . This indicates little discrimination between strontium and calcium and is true for most of the plant parts except the roots, where DF values as high as 6. were observed for lowsolution concentrations of strontium. The average DF values of rubidium/potassium and cesium /potassium for millet, oat, buckwheat, sweetclover, and sunflower plants were 0.85 and 0.20, respectively (67) . This indicates some discrimination by the plant against rubidium and more against cesium.
Alfalfa and wheat grown on eight soils (98) , wild plants and corn grown on soil in a radioactive waste disposal area (6) , and beans grown on a Sassafras sandy loam with added calcium (105) had strontium /calcium DF values close to 1. 0, indicating little discrimination in soil reactions. However, the DF values can vary within a given plant, ranging from 2. 6 for corn flowers to 0. 5 for corn grain (6) .
The calculated DF will vary to some extent, depending upon the method of extracting the cations from the soil. Based on the amounts of strontium-89 and calcium-45 added to Cinebar soil, the DF for beans ranged from 0. 64 to 1.2 (43) .
Another experiment with strontium-89 and calcium-45, using a dilute calcium chloride extract of the soil, gave an average DF of about 0. 7 (111) . Discrimination factors from 0. 8 to 1.6 were found for strontium /calcium in eight grasses and eight legumes grown in three soils, using ammonium acetate for extraction (138) . In a study of soils and vegetation in a disposal area (33) , the best soil index of strontium -90 uptcike by plants appeared to be concentrations of strontium-90 in the saturation extract. Others (112) have also suggested that a water extract may provide a better measure of the availability of strontium and calcium in the soil than the exchangeable fraction.
Barley, buckwheat, and cowpeas grown on an Evesboro sand gave a cesium/ potassium DF of 0. 02, based on the amount of radioactive cesium added to the soil and the acid-soluble potassium (66) . The range was from 0. 06 to 0. 77 for wild plants and corn grown in a radioactive disposal area (6) . Upland rice, wheat, and beans grown on a Japanese soil gave much lower DF values -0. 002 to 0. 003 (41) .
Discrimination factors of 0. 02 for barium/calcium and 0.4 for rubidium/potassium were also found for the barley, buckwheat, and cowpeas grown on the Evesboro sand (66) .
Discrimination in plant uptake of strontium and calcium is usually slight in pot experiments, except for roots, but apparent discrimination against either strontium or calcium can occur in the field. The strontium-90 is normally concentrated near the soil surface, or in the plow layer, the distribution of exchangeable calcium in the profile usually is nonuniform, and the root zone varies with the plant species and with soil conditions.
D. Effects of Clays and Anions
Twice as much strontium is taken up from illite clay suspension as from bentonite clay (63) , which indicates that bentonite holds strontium more strongly than illite.
Clays have more of an effect than just as an anion, for the aluminum concentration affected calcium uptake from calcium sulfate but not from calcium clay (64 
Fertilizers
In some experiments, fertilizer has increased the uptake of fission products, but in others no increase occurred (14, 47, 117, 120) . Fertilizers and manures may affect the availability of the fission products, as discussed in previous sections, but it is possible that better plant growth will obscure any other effect.
C. Cultivation
Cultivation tends to increase strontium uptake by some crops (14) , possibly by providing more root contact. Greater uptake of calcium results from a completely mixed calcium application than from a banded application (12) . Increased uptake of strontium in the second year of a field experiment has been attributed to a more uniform distribution of strontium (14) . In the case of shallow -rooted grasses, as discussed under species differences, it appears that plowing reduces the strontium-90 to calcium ratio of the new plamting (72) .
Plowing surface -contaminated fields to a depth of seven inches resulted in 50 per cent of the activity in the zero-to four-inch level. Both rotary tillage to four inches and two plowings resulted in>70 per cent of the activity in the top four inches (110) . The uptake of fission products placed at a 60-cni depth, compared to a 30-cm depth, was as low as one thirtieth in the tops and one tenth in the seeds of oats and peas (36) .
D. Moisture
Variations in the soil moisture tension were found to affect cesium uptaJce and the cesium-to-potassium ratio, but no effect was noted on calcium and strontium (125).
Several observations (128, 129) The average maximum uptake of cesium appears to be about one tenth of one per cent of the applied dose. The cesium-to-potassium DF is small-about 0. 2 for uptake in nutrient solutions and 0. 02 for additions to the soil.
In general, it appears that grasses accumulate less strontium than legumes.
The fruit and seeds contain less strontium than the leaves or stems because strontium tends to accumulate in the vascular tissues of the plants. In contrast with strontium, which only moves readily upward, cesium is easily translocated throughout the plant, with perhaps slightly higher accumulation in young leaves and flowers.
Strontium and cesium are retained in the soil partly by ion-exchange bonds on clay minerals and organic colloids. A part of the strontium may be synthesized into organic compounds by the microbial population. A third means of retention in the soil can involve fixation processes. A large fraction of cesium-137 appears to be fixed irreversibly. Exchangeable strontium is leached through soils at the rate of about one inch per 100 inches of leaching water. The downward movement of strontium, and probably cesium, is essentially an exchange reaction and proceeds by successive desorption-adsorption sequences.
The soil that will provide minimum uptake of fission products usually appears to be one considered ideal for maximum crop production. These requirements include high exchangeable calcium, high exchangeable potassium, high organic-matter content, and a slightly alkaline reaction.
